Microcellular technology is an advanced foaming technique which uses inert gas as a foaming agent and brings many merits such as improved impact strength and toughness. Microcellular foaming was developed as a batch process but unfortunately, the time required for foaming is too long. Extrusion and injection molding are under development so that microcellular foaming may be profitably used in industry. In our research, we designed a controllable ratio of flow length to cavity thickness Lit mold for microcellular foaming and measured volume expansion as a function of Lit. We obtained uniformly distributed microcells about 30 pm in size and observed 30.1% volume expansion for Lit=20. Volume expansion data are necessary for designing a mold system that is proper for microcellular foam moldng.
Introduction
The development of plastic products brought great changes in the modern industry, and as the demand for lightweight material resulted in the development of foamed plastic. The foamed plastic products are lightweight with improved heat insulation and sound absorption. However, mechanical properties such as impact strength, and toughness were deteriorated by the foaming process. Due to these weak points, the application for foamed plastic was limited.
In 1980 microcellular foaming process was developed in the United States (1) . Microcellular foaming was a new foaming process that uses inert gas such as carbon dioxide and nitrogen as foaming agents which are relatively safer to the environment compared to the chemical agents such as CFCs. Furthermore, since the cells are smaller than the size of conventionally foamed cells, the foamed plastic can maintain or even improve the mechanical properties (2). In the 80's the batch process for microcellular foaming was developed, and the foaming process was integrated to extrusion in 1993 by Park (3, 4) . Microcellular foaming was later successfully applied commercially by an American company and is being used in various industries. Recently, there are various researches under way world wide to apply the microcellular foaming to the injection molding process (5). This paper is on the foaming within the mold which provides critical data in applying microcellular foaming to injection molding. A mold that can change the flow length to thickness ratio, L/t, was developed to see the effects of the L/t on the foaming process. Test specimens were made using this mold with L/t of 160, 80 and 40 by varying the number of gates, and they were tested for foam efficiency at various locations.
2. Injection molding using microcellular foaming process 2.1 Injection molding machine Besides the weight reduction mentioned earlier, the integration of microcellular foaming to the injection molding process makes the holding pressure unnecessary (6,7) . Furthermore, the gas melted into the polymer matrix lowers the viscosity of the polymer melt, resulting in lower clamping force requirement. The lower viscosity also allows lower operating temperature and reduces cooling time (8, 9) . The location and number of the mold gate for conventional injection molding are determined through flow analysis using data such as the size of the product and the injection pressure. The number of mold gate varies according to the product and effects the foam efficiency. Therefore, the design of the mold for microcellular foaming requires information on the maximum Lit (flow length to thickness ratio) for given plastic.
The schematic of the injection molding machine for microcellular foaming with multi-gate system is shown in Fig.1 .
In the experiment, a gas supply system is used to supply compressed gas into the barrel with temperature and pressure needed for optimum diffusion of gas into the polymer matrix. The screw was modified for efficient mixing of the gas and the polymer within the barrel. The polymer/gas melt in the barrel passes through a specially designed nozzle for the nucleation of the melt where the gas separates resulting in formation of nuclei.
The nuclei are allowed to grow in the mold to form stable cells.
Fig .2 shows the phase change of the carbon dioxide and plastic during the injection molding process using microcellular foaming. When carbon dioxide passes through the gas injector into the barrel, the modified screw mixes the plastic and the gas to form one-phase solution. Then the melt passes through the specially designed nozzle for nucleation, and finally, more nucleation and cell growth occurs in the mold.
2.2 Analysis of cell morphology using scanning electron microscope Specimens were made using the injection molding machine for microcellular foaming, and picture of the cross section of the specimen were taken using scanning electron microscope (SEM) shown in Fig.3 . The figure shows foamed region of the injection molded microcellular foamed ABS specimen with uniform cell size of 30 ,'m.
The position of the specimen taken by SEM is the center of the thickness direction of near the flow end.
Experiment
The experiment was done to find the effect of Lit on the volume expansion, and three tests explained in section 3.4 were done. The machine used in this experiment was LG IDE 75 N and L/D of the screw was 18.5. The operating conditions are as follows : injection speed-95% at each part, injection pressure-90%. The mold temperature was 50 C, gas amount dissolved into the polymer from the calculation was 5%.
Test material
The material used for the experiment was ABS (acrylonitrile-butadien-styrene ; LG Chem.303 AF : MI according to ASTM D 123 8 is 12.6 g/min. at 2301C /3.8 kg condition). ABS is usually used for computer monitor, air conditioner, heater, and television where high quality surface is required. An inert gas, carbon dioxide (98% purity) at 12.0 MPa was used as the foaming agent for the experiment. 3.2 Mold Fig.4 shows the mold used in the experiment where the flow length could be controlled. The mold has 4 gates where each gate can be temporarily blocked with a dummy to control the flow length. The flow length, L is 480 mm and width, b is 12 mm ; and the thickness, t is 3 mm. The cooling temperature of the mold was set at 50 °C f or the experiment. 3.3 Standard sample In this step standard samples are made to compare the foamed specimens. Foamed specimens made with various Lit and unfoamed specimens were weighed and compared at locations of OO -G shown in Fig.4 . Equation (1) was used to calculate the volume expansion. Fig.4 can be blocked to stop the flow of the polymer/ gas melt using dummies. Gate number 1 was only used to make the L/t=160 (1-gate system) . Gate number 1 and 4 were used and gate 2 and 3 were blocked to make the L/t=80 (2-gate system) . All of the gates were used to make the L/t=40 (4-gate system) . The results will be shown in section 4.1.
The volume expansion of each section
This experiment was done to see how much foaming was done at each location of the specimen by comparing the standard sample and 1, 2, and 4 gate sample. The specimens from the previous experiments were cut as shown in Fig.4 Sections of each specimen for 1, 2, and 4 gate system were weighed in section 4.2 to see the reason for the change in the volume expansion.
To trace the location of the foaming, the standard samples and the specimens for 1, 2, and 4 gate system were cut into 7 parts as shown in Fig.4 and each segments were weighed. The results are shown in Table 2 .
The results of Table 2 are shown schematically in system, weight reduction occurred throughout the specimen resulting in high volume expansion. Fig.5 shows the volume expansion of each sections.
It can be seen in Fig.5 that foaming occurs at the end of the flow. For the foaming to occur in the mold, end of cavity must be much sufficient space and less restriction for foaming than middle or starting points of the mold. In Fig.6 , the Lit of (a) is greater than that of (b). When the melt is injected up to Li, the foaming occurred mostly at the unfilled region. Lf is the foaming length.
When the Llt is increased by lengthening the flow length, the foaming length, Lf is relatively decreased. Therefore, it can be said that the ratio of foaming length to injected length is increased by decreasing the flow length, and the foaming occurs mostly at the end of the flow length.
4.3 The volume expansion depending on the Lit Fig.7 shows the volume expansion according to the Llt that was mentioned in section 3.4.3. From the graph, it can be seen that the volume expansion is increased linearly when the Llt is decreased as in the previous section. We can get 30.1% volume expansion at the case of Lit=20.
Conclusion
From the experiment using the variable gate system to see the volume expansion of microcellular, the following results were obtained.
Uniformly distributed microcells about 30pm and 30.1% volume expansion at Lit =20 was obtained.
We can conclude from the experimental results that volume expansion can be increased by decreasing the Lit and foaming within the mold occurs mostly at the end of the flow. -Hall, 307 (1996) 
